Mutations in the gene (GJB2) encoding connexin 26 (cx26) have been linked to sensorineural hearing loss either alone or as part of a syndrome. Here we compare the properties of four cx26 mutants derived from point mutations associated with dominantly inherited hearing loss, either non-syndromic (W44S, R75W) or with various skin disorders (G59A, D66H, R75W). Since cx26 and cx30 are co-localized within the inner ear the effect of the dominant cx26 mutations on both of these wild-type proteins was determined. Communicationdeficient HeLa cells were transiently transfected with the various cDNA constructs by microinjection. Dye transfer studies using the gap junction permeant tracer Cascade Blue demonstrated a disruption to the intercellular coupling for all four of the mutant proteins. Immunostaining of the transfected cells revealed that for the G59A and D66H mutants this correlated with impaired intracellular trafficking and targeting to the plasma membrane, as both proteins had a perinuclear localization. The impaired trafficking was rescued by oligomerization both with cx26 and with cx30, suggesting that cx26 and cx30 can form heteromeric connexons. Significantly reduced dye transfer rates were observed between cells co-expressing either cx26 or cx30 together with W44S or R75W compared with the wild-type proteins alone. The dominant actions of the G59A and D66H mutants were only on cx30 and cx26, respectively. We suggest that cx26 and cx30 form heteromeric connexons in vivo, within the inner ear, with particular properties essential for hearing. Disruption of these heteromeric channels by certain mutations may underlie the non-syndromic nature of the deafness.
INTRODUCTION
Hearing loss is the most common sensory deficit in humans with congenital/prelingual deafness affecting ca 1 in 1000 children (1) . Approximately half of these cases are genetic in origin, and mutations in the gene GJB2 are the predominant cause of inherited, sensorineural deafness (1-7). GJB2 encodes the gap junction channel protein connexin 26 (Cx26) .
Gap junctions are clusters of intercellular channels that allow direct communication between cells (8, 9) . Cx26 is one member of a family of related gap-junction channel-forming proteins, each of which is commonly named from its molecular weight (Cx26, Cx30 etc.). The genes for 20 different connexin proteins are present in the human genome (9) . Six connexins oligomerise intracellularly to form the gap junction channel unit of an individual cell, a connexon, which is trafficked to the plasma membrane. There, the connexons of one cell align symmetrically with those of its neighbour to create continuous aqueous pores that functionally couple the adjacent cells. Connexons aggregate in the plane of the plasma membrane to form a gap junction plaque. The physiological properties of the different connexin proteins have not been fully elucidated but they differ in the size and charge characteristics of the channel and in their regulatory properties. Most cells that form gap junctions express more than one connexin isotype. There is thus potentially a wide variety of possible gap junction compositions, each with different physiological characteristics (8) . All the connexins in an individual connexon maybe of the same type (homomeric) or heteromeric connexons may be formed by oligomerization between different connexins. The connexon composition each side of the junction maybe the same (homotypic junctions) or heterotypic junctions can be formed where the connexons of one cell are different in composition from those of its neighbour. Within the same junction plaque, there maybe separate homomeric, homotypic regions of differing composition (10) , or a cell may ferry different connexins to separate locations. In the inner ear cx26 is widely expressed throughout non-sensory epithelial and connective tissue cells (11, 12) , and is commonly co-expressed with cx30 (13, 14) .
The clinical consequence of certain mutations in the cx26 gene is exclusively hearing loss (non-syndromic deafness), whereas with other mutations the deafness is part of a syndrome. In particular, mutations responsible for dominantlyinherited hearing loss can also underlie various skin disorders (6, (15) (16) (17) (18) (19) (20) (21) . We have undertaken to determine the properties of the gap junctions in the inner ear essential for hearing by comparing the effects of four mutant cx26 proteins on wild-type cx26 and cx30 in an in vitro expression system. Here we show that heteromeric cx26/cx30 gap junction channels can be formed and that certain mutant proteins can have dominant negative effects on both connexins. This may underlie the non-syndromic character of certain deafnesscausing GJB2 mutations.
RESULTS

Localization of mutant cx26 proteins
Human HeLa cells deficient in gap junctional communication (22, 23) were transiently transfected with cDNA constructs of wild type (wt) and mutant cx26 by microinjection of plasmids into their nuclei. In initial experiments, the cx26 constructs were injected together with a separate green fluorescent protein (GFP) construct to aid the identification of connexin-expressing cells. Following 24 h incubation, immunolabelling with an antibody specific to the intracellular loop region of cx26 revealed wt cx26 localized to the plasma membrane at points of contact between adjacent GFP-expressing cells, indicating the formation of gap junction plaques (Fig. 1A) , as well as being dispersed in the cytoplasm. Similarly the W44S mutation resulted in a protein that was localized to the membrane (Fig. 1B) and dispersed intracellularly. We have shown previously that a further GJB2 mutation at the same site, W44C, also results in a protein that is trafficked to the plasma membrane (24) . In contrast, the G59A and D66H mutations resulted in proteins with impaired trafficking. Both were entirely localized intracellularly, and concentrated close to the nucleus ( Fig. 1C and D) .
To confirm localization patterns, cells were transfected with cx26 constructs that were directly 'tagged' with GFP at the C-terminal end of the proteins. For wt cx26-GFP, GFP expression was observed at points of contact between adjacent cells, confirming that the GFP tagging did not interfere with the protein trafficking (25) (Fig. 1E) . The R75W-GFP mutant, similar to the W44S mutation observed by immunohistochemistry, also localized to the plasma membrane as shown by the GFP expression (Fig. 1F) . However, for the G59A-GFP and D66H-GFP mutants, GFP was localized intracellularly in a similar pattern to that found by immunohistochemistry ( Fig.  1G and H) .
Each experiment was conducted at least twice with the same results. All micro-injected cells received the same concentration of wt or mutant plasmid and all plasmids produced significant levels of protein expression. Western blotting (not shown) indicated similar levels of expression of wt and mutant proteins by transfected cells. Thus, each of the plasmids appeared to provide for efficient expression of protein under the conditions used.
Intercellular communication between cells expressing the mutant cx26 proteins
In order to explore whether functional intercellular channels are formed, in particular by the mutant proteins that traffic to the plasma membrane, the transfer of the gap junction permeant tracer Cascade Blue (26) between transfected cells was investigated. Dye transfer efficiency was quantified by counting the number of Cascade Blue injected cells from which the dye passed to more than one neighbour. No dye transfer was observed between untransfected HeLa cells ( Table 1) . HeLa cells transfected with either wt cx26 or wt cx26-GFP cDNA showed a high efficiency of dye transfer (Fig. 1I-L) , with no statistically significant difference between the two (Table 1) . This confirms that the GFP-tag does not affect the intercellular communication (22, 25) . All four of the mutants, however, showed altered properties, with little or no dye transfer occurring between transfected cells ( Fig. 1M-P and Table 1 ). While for G59A and D66H this correlates with impaired trafficking of the mutant proteins to the membrane, for W44S and R75W, both of which appear to form gap junction plaques, the results indicate an effect on the ability of these mutant proteins to form properly functional channels.
Effects of the mutant proteins on wt cx26
All four of the mutations are reported to result in dominantly inherited hearing loss. Consequently, co-expression studies were carried out to examine the effects of the mutant proteins on wt cx26 in cells micro-injected with equal amounts of the two respective plasmids. Immunolabelling of cells expressing both wt cx26 and the W44S mutant revealed a staining pattern similar to that found with W44S alone. These cells exhibited reduced Cascade Blue dye transfer efficiency compared to wt cx26 transfected cells (Table 1) , suggesting a dominant effect of the mutant on the wt protein. Similarly, co-expression of wt cx26-GFP with R75W-GFP resulted in GFP expression at points of contact between adjacent cells in the same manner as with R75W-GFP alone ( Fig. 2A) . Dye transfer between these cells was completely inhibited (Fig. 2B and Table 1 ), indicating that the R75W mutant has a strong dominant negative action on the wt protein.
Co-expression of either the G59A or D66H mutants with wt cx26 resulted in a change from the cytoplasmic localization of these mutant proteins previously observed ( Fig. 1C and D) . Initial immunolabelling of co-transfected cells revealed protein at the plasma membrane at points of contact between adjacent cells ( Fig. 2C and E) . To exclude the possibility that the antibody was detecting only wt cx26 at the membrane, and to identify the cellular location of the mutant proteins, cells were co-transfected (1 :1) with GFP-tagged mutant and untagged wt cx26 cDNA. Junctional GFP expression showed that both mutant proteins were incorporated into gap junction plaques at the plasma membrane ( Fig. 2D and F) , demonstrating that their impaired trafficking can be rescued by wt cx26. In cells co-transfected with wt cx26 and D66H Cascade Blue dye transfer efficiency was significantly reduced. However, a dominant action could not be demonstrated for the G59A mutant ( Table 1) .
Effects of the mutant proteins on wt cx30
This latter finding, together with observations that cx26 and cx30 are co-expressed in the inner ear (13, 14) , prompted an investigation into the effects of the wt and mutant cx26 proteins on wt cx30. Immunolabelling of HeLa cells co-transfected with wt cx26-GFP and wt cx30 cDNA (at 1 :1 ratio) with an antibody specific to cx30 revealed that both proteins were expressed almost equally in individual co-transfected cells and were co-localized at points of contact between adjacent cells (Fig. 3A) . This result demonstrates that both connexins can be trafficked to the same gap junction plaque. Cells expressing cx30 do not transfer Cascade Blue (Table 1) or the related dye Lucifer Yellow, but are permeant to the smaller gap junction tracer neurobiotin (27) (Table 1) [which also passes through channels formed by cx26 (27) ]. Similarly, the cells co-expressing both wt proteins were unable to transfer Cascade Blue or Lucifer Yellow but did pass neurobiotin ( Fig. 3B and Table 1 ). The inability of the cells to transfer the larger dyes despite the presence at the membrane of cx26 suggests that cx30 interacts with cx26 modifying its permeability properties. Neurobiotin transfer efficiency between co-transfected cells was not significantly different from that of cells expressing cx30 alone (Table 1) . No neurobiotin transfer was observed between untransfected HeLa cells (Table 1) .
To investigate further the possibility of interaction between cx26 and cx30 proteins, HeLa cells were co-transfected, at 1:1 ratio, with wt cx30 and G59A-GFP or D66H-GFP mutant constructs. GFP expression was observed at adjoining plasma membranes within both the G59A-GFP (Fig. 3C-F) and D66H-GFP transfected cells. Since the G59A and D66H mutant proteins, when expressed alone, do not traffic to the membrane, their appearance in plasma membrane plaques indicates that cx30, like wt cx26, can rescue the impairment in trafficking. Immunolabelling of the co-transfected cells with an antibody specific to cx30 revealed co-localization of wt cx30 and the mutant proteins ( Fig. 3C and D) . Interestingly, the GFP expression was cytoplasmic within cells where no cx30 was detected ( Fig. 3C and D) . Dye transfer studies revealed a significant decrease in the ability of cells co-expressing wt cx30 and the mutants W44S, R75W (Fig. 3G ) or G59A to transfer neurobiotin to neighbouring cells (Table 1) . These results show that the two mutations that have been associated with nonsyndromic deafness, W44S (14) and R75W (15) , produce proteins that have a dominant negative action on both cx26 and cx30. Interestingly, the dominant action of G59A appears to be only upon cx30, as it caused a significant reduction in the ability of the wt protein to form functional intercellular communication pathways (Table 1 ). In contrast, the D66H mutant has a dominant action only upon cx26 as no significant impairment of transfer of neurobiotin between cells expressing D66H and wt cx30 was observed.
DISCUSSION
The results from these co-expression studies suggest that cx26 and cx30 can oligomerize to form heteromeric connexons. First, wt cx26 and wt cx30 co-localize to the same gap junction plaques and the permeability properties of wt cx26 are altered when it is present in gap junction plaques that also contain cx30. This change in permeability properties is unlikely to be due merely to a much greater level of cx30 expression than of cx26. GFP-tagging clearly showed cx26 present at high levels in all cells which also labelled positively with antibodies specific for cx30 and consistently plasma membrane plaques that were intensely labelled for cx30 also showed intense GFP fluorescence (Fig. 3C) . Furthermore, dye transfer was examined over a prolonged period, so that if cx26-only channels were present, separately from cx30 but at a low level, transfer of cascade blue would have been detected. Thus, a direct interaction between wt cx26 and wt cx30 that affects the functioning of the gap junction channels is indicated. Second, cx30 can rescue the defective trafficking of certain mutant cx26 proteins. Connexins oligomerize intracellularly to form connexons which are then trafficked to the plasma membrane. The presence of significant levels of GFP at the plasma membrane when the normally trafficking-defective mutant proteins tagged with GFP are co-expressed with wt cx30 therefore indicates the ability of cx30 to oligomerize with cx26. Third, mutant cx26 proteins impair the permeability of cx30 channels. Although we did not examine in this study whether the mutant cx26 proteins on their own or in conjunction with cx26 affected the ability of gap junction channels to transfer neurobiotin, the impairment of neurobiotin transfer between cells that were clearly expressing both wt cx30 and certain mutant cx26 proteins compared with cells expressing only wt cx30 can only have occurred because of an interaction between those mutant cx26 proteins and wt cx30. Taken together, therefore, these results are highly suggestive that cx26 and cx30 form heteromeric connexons. Sucrose gradient analysis and immunoprecipitation (24) would provide further confirmation and help resolve the interesting question of the ratio of the two connexins within individual connexons. It would also be of interest to compare in detail whether and to what extent different individual point mutations in the connexin gene affect the ionic and dye transfer selectivity of homomeric and heteromeric gap-junctions hemi-channels as a means of analysing structure-function relationships in the connexin molecule. This is a subject of further investigations. Heteromeric channels composed of cx26 and cx30 will have particular physiological properties, different from those of either cx26 or cx30 alone and may exist in the inner ear. Immunohistochemistry of inner ear tissues has shown that cx26 and cx30 co-localize (13, 14) , and immunogold labelling has demonstrated that individual gap junction plaques throughout the inner ear contain both cx26 and cx30 and the labelling for each is evenly distributed along both sides of gap junction section profiles (A. Forge, unpublished data), a labelling pattern consistent with heteromeric channels. Preliminary immunoprecipitation studies (S. Casalotti, unpublished data) also suggest the presence of heteromeric cx26/cx30 channels in the cochlea but this needs confirmation. Furthermore, both mice deficient in cx30 (9) and mice where cx26 has been ablated from the supporting cells of the cochlear sensory epithelium (28) show severe hearing impairment, suggesting that in the inner ear these connexins do not complement each other. Although at least two other connexins, cx31 and cx43, have been localized in the cochlea (29) (30) (31) , cx26 and cx30 are more widespread in their distribution and are present together in regions where neither of the other two connexins are identified. Thus, these other connexins may not be able to compensate for defects in either cx26 or cx30. In the skin, at least 10 connexins are expressed, including cx26 and cx30, but in normal skin these two connexins localize to different cell types (32, 33) . Co-localization of cx26 and cx30 is observed in various skin disorders, including those caused by cx26 mutations (6, 20, 32) and it has been suggested that mutations in the cx26 gene may affect differentiation. The targetted ablation of cx26 from the organ of Corti, however, does not appear to affect the normal development and cellular differentiation of cochlear tissues (28) .
The cx26/cx30 combination may, thus, be uniquely suited to the physiological requirements of the inner ear, where gap junction channels are thought to play a role in potassium homeostasis (11, 12, 34) , and to be essential for normal hearing. The present finding that certain mutations in GJB2 result in Arrows indicate plaques at points of contact between adjacent cells and intracellular labelling for connexin is reduced in comparison with mutant protein alone (Fig. 1C and D) . (D, F) Co-expression of wt cx26 with either G59A-GFP (D) or D66H-GFP (F) reveals mutant protein at the membrane at points of contact between adjacent cells (arrows).
proteins that have a negative effect on both wt cx26 and cx30 could, therefore, provide one explanation for the nonsyndromic deafness they cause: namely, the mutant proteins affect the ability of heteromeric junctions to function effectively. The W44S and R75W mutations are more closely associated with hearing loss than either G59A of D66H. Both are reported to cause non-syndromic hearing loss, although R75W has also been associated with a relatively mild case of a skin disorder, palmoplantar keratoderma (16) . R75W also causes profound hearing loss and while the level of hearing impairment caused by W44S has not been reported, another mutation at the same site, W44C produces profound, nonsyndromic deafness (35) . The W44S and R75W mutations also appear to have more profound effects on intercellular communication than either of the other two mutations studied. Both of them significantly affect both wt cx26 and cx30. The most common GJB2 deafness mutation in Caucasian populations is 35delG, in which the protein is truncated in the Nterminal region and is effectively a 'knockout' (3, 4, 7) . This mutation is recessive and non-syndromic, with deafness as the only phenotype. Individuals homozygous for 35delG may be expected to produce cx30 normally, but have no cx26 in inner ear tissues. We suggest that it is the lack of heteromeric junctions that results in the impaired auditory function when this mutation is present.
The two mutations examined that are consistently associated with skin diseases, as well as hearing loss, G59A and D66H, both show impaired trafficking. Mutations in the cx31 gene that are associated with skin disorders have also been found to produce proteins that are not trafficked to the membrane (36) . The G59A and D66H mutations are both located at the apex of the first extracellular loop of the protein, suggesting that this region may play a role in protein targeting, but it would appear not to be necessary for oligomerization. Both of these mutant proteins are incorporated into gap junction plaques when co-expressed with either wt cx26 or wt cx30 suggesting that the proteins are able to oligomerize to form connexons. However, only one of them, G59A, appears to impede dye transfer when present in gap junction plaques with cx30; the other, D66H, does not. This latter mutation affects only wt cx26, which G59A does not. This suggests that not all mutations in the cx26 gene exert their negative effects in the same way, and that there are properties of these mutant proteins that cannot be detected by our system but which are essential within the skin.
The demonstration of functional interaction between cx26 and cx30 opens a new line of investigation for aiding the understanding of the leading genetic cause for hearing impairment as this oligomeric complex may play a unique and critical role in the inner ear. Future work is needed to determine the precise role of the different connexin isotypes within the skin and inner ear.
MATERIALS AND METHODS
Preparation of cDNA constructs
Wt cx26 and wt cx26-GFP containing full length rat cx26 cDNA cloned into pCR3 (Invitrogen) and pEGFP-N1 (Clontech) plasmids respectively were a gift of H. Evans and P. Martin (20) . Point mutations were generated using the QuikChange (Stratagene) site-directed mutagenesis method. Oligonucleotides were synthesized with one mutated base and 15 flanking bases on each side. The mutated bases were: W44S, G!C at nucleotide 131 resulting in Trp!Ser at codon 44; G59A, C!G at nucleotide 176 resulting in Glu!Arg at codon 59; D66H, G!C at nucleotide 196 resulting in Asp!His at codon 66; R75W, C!T at nucleotide 223 resulting in Arg!Trp at codon 75. Numbering refers to Genbank clone X51615. All mutations were checked by sequencing. Wt cx30 was generated by RT-PCR amplification of mouse heart mRNA using forward primer CGTAGAA GCTTGAATAAGCCTGCACGATGGAC and reverse primer CGTAGTCTAGAGCTCACCTACACTTGACCTTG containing flanking Hind III and Xba I restriction sites for directional cloning into pCR3. The sequence was confirmed to be identical to Genbank clone Z70023. Mouse and rat cx26 and cx30 coding sequences are highly conserved including all the sites of the point mutations analysed in this work.
Microinjection of plasmids
Plasmids (300 mg/ml in 0.3 mM EDTA and 3 mM Tris, pH 7.4) were microinjected into HeLa cells (Ohio strain 84121901; www.ecacc.org) as previously described (18) using an Eppendorf microinjection system set at 100 h Pa for 0.2 s. Cells were cultured for a further 24 h and either utilized for dye injection studies or fixed with 4% paraformaldehyde and immunostained. The combinations of plasmids micro-injected were: (a) P-lantern GFP plasmid (Promega) with a plasmid containing either wt-cx26, W44S, G59A or D66H; (b) either G59A-GFP, D66H-GFP, R75W-GFP or wt cx30 alone; (c) wt-Cx26 with either wtG59A-GFP, D66H-GFP, R75W-GFP or W44S; (d) wt-Cx30 with either wt-cx26-GFP, W44S, G59A-GFP, D66H-GFP or R75W-GFP.
Immunohistochemistry
Fixed HeLa cells were rinsed briefly with phosphate-buffered saline (PBS, pH 7.4) and then immersed in blocking solution (0.1 M phosphate buffer, 100 mM L-lysine, 1% dried skimmed milk) together with 0.15% Triton X-100 for 1 h at room temperature. Cells were then incubated with primary rabbit antibodies against cx26 (a gift from H. Evans; 1 :100) or cx30 (Zymed; 1 :200) in blocking solution overnight at 4 C. Following 6 Â 10 min washes with PBS, cells were incubated with rhodamine-conjugated swine anti-rabbit IgG (Dako; 1 :150) for 1 h at room temperature. Preparations were examined on either a Leica SP laser scanning confocal microscope or a Nikon fluorescence microscope and images stored digitally. Images were processed using Adobe Photoshop 6 TM .
Injection of tracer dyes
Dye injection studies were carried out as previously described (30) . In brief, HeLa cells expressing GFP were visualized on a Leica fixed stage epifluorescence microscope. Pairs or groups of GFP positive cells were selected and a single cell iontophoretically injected with either Cascade Blue or Lucifer Yellow (Sigma) alone, or together with 2% Neurobiotin (Vector). Passage of Lucifer Yellow or Cascade Blue was monitored visually for two minutes and recorded digitally with a Leica DC200 camera. To reveal the distribution of Neurobiotin, preparations were fixed with 4% paraformaldehyde, permeabilised and stained with Avidin-CY3 (Zymed). Fluorescent signals were examined on a confocal microscope and images stored digitally. In some cases injected preparations were further immunostained for connexins, in which case contrasting fluorphores of Alexa350 (Molecular Probes) and CY5 (Zymed) were used as secondaries.
Statistical analyses
The chi-squared test was used for all statistics. Statistical significance was assigned to P-values of <0.05.
